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The Influence of Porosity and Contact Angle on Incipient and Desinent Cavitation
by

Surender Kumar Gupta

ABSTRACT

This investigation was primarily devoted to the determination of the
effect of porosity and contact angle on incipient and desinent cavitation.
The primary test models were 1/4-inch diameter hemispherical-nosed bodies
made of teflon, rubber, polyethylene, stainless steel and glass. The test
results imply that the hydrophobic surfaces, i.e., teflon and polyethylene
models contribute surface nuclei to the inception process provided that the
surface nuclei are in a normal condition, i.e., no effort has been made
to minimize surface nuclei by extreme pressurization, etc. On the other
hand, the hydrophilic hemispherical models made of glass and stainless
steel seem to show no contribution of surface nuclei to the onset of
cavitation and may depend entirely on the stream nuclei for cavitation.
However, the rubber model which was hydrophilic in nature was not
consistent with the other hydrophilic models.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for the Investigation

It is well known in the operation of liquid handling machinery
that vapor- and gas-filled voids are often created by dynamic action
in the liquid so that the flow is no longer single phase. The
occurreace of these vapor- and gas-filled voids in the otherwise
liquid flow is called cavitation.

Cavitation may be characterized by the growth and collapse of
many bubbles. This creates noise and, under some circumstences, may
lead to the erosion of the boundary surfaces due to the very high
local pressure associated with collapsing bubbles. Thus, cavitation
in all of its forms is of great practical interest and has been
studied for many years.

In a liquid system, cavitation can be initiated by lowering
the pressure or, once started, it can be eliminated by increasing
the pressure. The former is called incipient cavitation, whereas
the latter is referred to as desinent cavitation. These two types

of cavitation were the major concern in this investigation.
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1.2 Previous Investigations

Incipient cavitation was studied by Eurich (7)* who conducted
some tests with hemispherical-nosed models on a rotating arm in a
cavitation tank. From his experiments, he concluded that a decrease
in the total air content caused an increase in delay time, whereas
the trend of decreasing delay time was associated with increasing
velocity.

The conclusions of Eurich's study were further strengthened by
Treaster (20) when he performed a series of tests with the 1/4"
stainless steel model with a hemispherical nose. Though it was
generally felt by Treaster that free-stream nuclei might be the
primary source of cavitation, his tests with teflon implied a
contribution from the surface. He observed very short delay times
with teflon and suggested that these might be attr _butable to the
porous and hydrophobic nature of the material. Also he observed an
effect of exposure pressure on delay time.

An extensive study of the effects of surface characteristics
on the inception of cavitation was carried out by Reed (18). He took
various models made of materials having different combinations of
porosity and contact angle for his tests and found that porosity plays
an important role in the onset of cavitation. He showed that teflon,
which has a hydrophobic and porous surface, has a very small delay
time whereas glass, which has a non-porous and hydrophilic surface,

may have a long delay time.

*  Numbers in parentheses indicate the reference number
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Another important conclusion drawn from Reed's inve :tigation
indicated that the pressure history has an important influence on the
inception of cavitation. This means that a pressurization of the
liquid-model system prior to a test would tend to increase the delay
time whereas an exposure to continued low pressure would be conducive
to rapid inception of cavitation. The only exception to this
observation was the solid teflon nose which was not influenced by
pressure history.

Reed also introduced a theory to explain the cavitation delay
time. However, the theoretical results did not appear to explain
the experiments. Furthermore, some of Reed's conclusions were of a
tentative nature because it was not always possible to separate the

effects of surface nuclei from those due to stream nuclei.

1.3 Statement of the Problem

The major objective uf this investigation was to determine
the influence of surface characteristics on incipient and desinent
cavitation. The surface characteristics of concern were porosity
and contact angle, and special procedures were employed to separate

the effects of stream and surface nuclei.

1.4 General Scope of the Investigation

Incipient and desinent cavitation, both vaporous and gaseous
were investigated. The cavitation experiments were conducted in the
Water Tunnel of the Department of Aerospace Engineering at The

Pennsylvania State University. The Water Tunnel is shown in Fligures




1l and 2. The internal diameter of the circular test section was six
inches. For this tunnel, two test section velocities were possible,
namely, 29 fps and 39 fps. The higher velocity was used in most
instances during this investigation.

Tests were conducted a:. two extreme values of total gas content,
namely, 5 and 18 ppm (the quantity ppm meaning parts per million is
equal to the number of moles of air per million moles of water).

These extreme values were employed in order to produce a large
variation in both diseolved and free gas content.

The models employed in this investigation and shown in Figure 3
were bodies of revolution with a cylindrical afterbody and had a
hemispherical (0.5 caliber ogive) or zero caliber ogive nose. All
models were 1/4" in maximum diameter. The hemispherical noses were
made of glass, stainless steel, rubber, polyethylene and teflon.

Some of these models had been used previously by Treaster (20), Holl

and Treaster {14), and Reed (18). Most of these tests were corducted

with the hemispherical noses, but a limited number of tests were '
conducted with zero caliber ogives made of teflon and rubber.

In addition to the aforementioned cavitation experiments,
the models were tested in a tank under non-flow conditions in order

to observe bubble eveolution on the surface.
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CRAPTER I1

FUNDAMENTALS

2.1 Basic Definitions

In this section, we define a few of the basic terms which are

frequently employed in this thesis.

(a) Vapor and Gas. It is important to distinguish between the

various ges phases which may be present in the cavitating flow. The
word vapor refers to the gas phase of the liquid, wherees the word
gas will refer to the noncondensable gas such as air in water. A gas
is a permanent state of matter which cannot be converted to lijuid or

solid state easily.

(b) Contact Angle (8). Contact angle is defined as the angle

measured between the tangents drawn to the liquid surface and solid
surface at the point of contact and measured through the liquid phase.
Thus, f.or a surface, it is to some extent a measure of the wettability
by water. The surfaces which are wetted by water are called
hydrophilic, while those which shed water are known as hydrophobic.
Glass which is wetted by water has a very small contact angle, whereas

teflon, which sheds water, has a large contact angle.
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(¢) FPorosity. Porosity is a measure of the void space in

any material and is defined as.

Volume of the void space

Total volume of the material

Thus, a more porous material will have a larger amount of gas
trapped in its void space than does a less porous material.

(d) Delay Time. Delay time 1s defined as the time lag for
incipient cavitation. It is measured from the time when the inception
pressure 1s established to the time when cavitation first appears.
Delay time has been employed by several investigators (7,14,18,20).

(e) Inception Time. A new quantity which was found to be

useful during this study is the inception time. This time is measured
from the time the water tunnel is started to the time when cavitation
first appears. Thus, it should be noted that the flow is unsteady

during the whole or part of the inception time.

2.2 Wetting Phenomenon

The value of the contact angle 1s not always a reliable measure
of molecular attraction between the solid and the liquid. Contact
angle depends on all three phases in contact and can give information
only on the relative strength of the attractions between solid and
liquid on cne hand and sclid and gas on the other hand; the greater
the first attraction compared with the second, the smaller the
contact angle. However, the solid-liquid attraction can still be very

strong even 1< the contact angle is large (3).




As seen from Figure 4, the equilibrium equation for contact
angle is:

cos 6 . (2.1)

’s¢ © Ts. 7o
Thus, the wetting of a solid substance by a liquid depends not
only on contact angle, but on three additional quantities, namely,
Ysg’ "sL’ and "o Cooper and Nuttall (5) first defined the condition
for wetting of a substance by a liquid. The condition for wetting is:
s > 0, (2.2)
and for nonvetting:
s <0, (2.3)

where

S = 7SG = (7sL + 7LG) ¥ (2.’4)
Free energy or surface tension depends not only on the
constituents of the solid material, but also on the impurities in the

liquid. Thus, wettability 1is a function of all three phases in

contact (10).

2.3 Flow Reg}mes

There are three main regimes of flow for the investigation of
cavitation. These regimes are characterized by the amount of
cavitation present in the flow.

(a) Non-Cavitation. As the name suggests, this condition

refers to a flow situation of only one liquid phase. No cavitation
bubbles are created in the flow. This usually oczurs at relatively

high liquid pressures and can be clearly observed and distingw.shed.
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(b) Developed Cavitation. This regime is reached at very low

pressures where most of the surface is under cavitation. It 18 a state
of vigorous cavitation and is easlly observed.

(¢) Limited Cavitation. Limited cavitation occurs at

pressures between those for non-cavitation and developed cavitation.
As the name implies, the number of cavitation bubbles present for
limited cavitation is small.

In some cases, for this flow regime, the cavitation may not
be continuous over the surface nor with respect to time. This means
that there may be only a few spots of cavitation on the surface and

that the cavitation may appear and disappear in a random manner.

2.4 Types of Cavitation

In this secticn, the emphasis 1s on the different mechanisms

by which cavitation may take place.

(a) Vaporous Cavitation. When the pressure in any region of

the flow falls below the vapor pressure of the liquid, small gas
bubbles in the surface and/or liquid may suddenly grow explosively
without bound. The growth 15 essentially caused by the rapid
conversion of liquid to vapor and is called vaporous cavitation.

(b) Gaseous Cavitation. For gaseous cavitation, bubbles which

may already be present in the liquid grow through the transport of gas.
The main factor affecting this type of cavitation is clearly the gas
concentration of the surrounding liquid. If the liquid is
undersaturated, no gaseous cavitation will occur; whereas if the liquiAd

is over saturated, this type of cavitation will readily occur.




(¢) Pseudo Cavitation. When a gas bubble merely responds to a

change in liquid pressure by changing the size, pseudo cavitation
occurs. Thus, in pseudo cavitation, no transfer of mass takes place.

(d) Desinent and Incipient Cavitation. Two additional types

of cavitating flows are those of desinence and inception. If the
velocity is held constant and cavitation established, then desinent
cavitation can be attained by slowly increasing the pressure until
all cavitation disappears. On the other hand, incipient cavitation
is attained if all cavitation is first eliminated and the pressure

lowered so that cavitation finally appears at constant velocity.

2.5 Cavitation Number

In aerodynamics, one of the most fundamental and useful
quantities for understanding the performance of an airfoil is the
dimensionless pressure coefficient. Of particular concern in

cavitation is the minimum pressure coefficient given by:

c . e
s i/2 p, V.2 ; (2.5)

To have a clearer understanding of the cavitation phenomenon,

we employ the cavitation number, o, given by:

P -» Pv
6 = =T (2.6)

1/2 I/

[
where Pv is the vapor pressure corresponding to the bulk temperature

of the liquid.
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Thervefore, corresponding to the states of incipient and
desinent cavitation, we have the two cavitation numbers:
P - P
ooi v
Pr, Ve
and
P = B
md v
o, = , (2.8)
o 1/2 v e
Pr, Y
0i being called the incipient cavitation number and oa the
desinent cavitation number.
From the experimental evidence, it appears that in many cases:
o < 0 - (2.9)
Also, for vaporous cavitation to take place, it is necessary
that:
O < (2.10)
This implies that, for vaporous desinent cavitation,
o5 < Comn (2.11)
and hence, in general, we can state that,; for vaporous cavitation,
o < 9 < Cpun - (2.12)
In some cases, it is also possible to obtain gaseous incipient
and desinent cavitation such that,
Cpmin < 0 S Oy - (2.13)
In theory, the condition,

is a possibility, but sometimes in practice it is observed that if we
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set o1 equal to oa, we may in some cases have to wait for a

significant period of time before any cavitation can be observed.

Therefore, for practical purposes, during inception runs, oi is

usually set at a value lower than o&' The difference between oa

and 0, is sometimes taken as a measure of cavitation hysteresis (1h4).

11




CHAPTER III

GENERAL TESTING PROCEDURES

3.1 Description of Major Equipment

The water tunnel used for this investigation had a plexi-glass
test section of circular cross section and six-inch inside diameter.
The length of the test section was 24 inches. The diameter of the
settling section upstream of the test section was 18 inches giving a
contraction ratio of three. Neither honeycombs nor screens were
employed in the settling section. A photograph of the Water Tunnel
in the region of the test section is shown in Figure 1 and the tunnel
circuit is shown in Figure 2.

Two free-stream, test section velocities were possible for this

tunnel, namely 39 fps and 29 fps. The velocity was measured with the
help of a mercury-water manometer.

To measure the static pressure in the test section, a hole was
drilled directly below the model nose in the wall of the test section,
and a lead from this hole was connected to a standard Heise gauge
which could be calibrated at atimospheric pressure in order to give

the value of the absolute pressure directly.
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The pressure in the tunnel was controlled with the help of an
air column in the stand pipe (refer to Figures 1 and 2). By
increasing the pressure of air in the stand pipe to about 75 psi, an
absolute pressure of about 85 psia was obtained in the test section,
whereas a low pressure of about 10 psia was obtained, in non-flow
conditions, by reducing the air pressure to atmospheric value. The
pressure control valves are shown to the right of Figure 1.

In order to measzure the total air content 2f the tunnel water,
the standard Van Slyke apparatus was employed. Also, the inception
time measurements were carried out with -he help of an electronic

counter which had remote control on and off switches.

3.2 The Test Models

Eight different models, made of five different materials, were
employed during this study Characteristics of these models are noted
in Table 2. The porosity measurements wer= made by the "Helium-
Mercury Density” measurements (9,17) as explained in Appendix A  The
contact angle measurements are discussed in Appendix B. Unless
otherwise stated, all models had a hemispherical nose. A photograph
of the models is shown in Figure 3. The eight models were

(8) 1/4" Glaes #1 (Designated Gl) The solid glass nose had

a stainless steel afterbody. It was the same model as employed by
Reed (18).

(b) 1/4" Stainless Steel #1 (Designated S1). This was the same

model as employed by Treaster (20) under the designation ORL Hemisphere

B, by Holl and Treast:r (l4) as ORL B, and by Reed (18).
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(¢) 1/4" Rubber #1 {Designated Ri). This model was first made

for this investigation and had a rubber nose with a stem of stainless

steel.

(d) 1/4" pPolyethylene #1 (De:ignated P1). This model, made for

this study, had a stem made of stainless steel.

{e) 1/L" meflon #1 (Dezignated Ti) This model was employed

by Holl and Treaster (14) and Reed (18) and was designated the solid

teflon model in their investigaticns.

(£) 1/4" Teflon #2 (Designated T2). This was an additional

teflon nose with stainless steel stem similar to the teflon #1 model
and was made for the present investigation

(g) 1/4" Rubber Zero Caliber Ogive #1 (Designated ROl) and

1/4" Teflon Zero Caliber Ogive #1 (Designeted TOl). These

models were both made for this study and had st iinless steel afterbodies

with rubber and tefion noses

3.3 Standard Jonditions for Tunnel Testing

In the course of this investigation, all the tests were divided
into three main categories, depending upon three nearly standard initial
conditions. The three sets of tests are referred to as Series A; B,

hl

and C.

5.3.1 Series A. This series was commonly referred to as the

maximum-minimumn series. This means that, for tests conducted in this

series, an attempt was made to nearly maximize the surface nuclei and

minimize the stream nuclei.
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Tre procedure cmployed to ortain the r=3uired nuclel situation
for the surface was to keep the model 1in an atmosphere of atr for nearly
2k hours at a pressure of about 75 psi. After this, the model was
sting-mounted in the test secticn with a lucite cap, Figure 5, covering
the model so that water did not disturb the surface until testing began
(refer to Appendix C for additiocnal details’

To minimize the stream nuclei, the air content of the water was
kept reasonably lcw, varyving between 4 86 ppr arnd 6.10 ppm. In
addition., the tunnel water was further pressurized tc an averags of
about 70 psia for nearly 20 hours after deaeration. This was done with
the understanding that the stream nuclei which are left in the water
after deaeration would be further reduced in the highly undersaturated
water.

At the beginning of a test 1in this series, the mcdel was
uncapped by pulling tre iucite cap off the model with tne help »f an
attached string During this proress, the medel surface was =xposed
to water for sbout 7 to 10O minutes at atmo:pheric pressure befeore the

first inception ran was conductsd

3.3.2 Series B, "his was called the minimum-minimum 32ries
Thus, for this tes* geries, an attempt was mad< to minimiz2e both types
of nuclei

To reduce th: surface nuclei to a minimum, the mod«l was kept
in water fcor about 24 hours at a pressuire varying between 200 psi and
1200 psi These vaiues of high pressure in static water were obtained

by using the same high pressur® hand pump as employed by Feed [18) and

e —————— —

———
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also by Brown (4) This pump 15 shown to the left in Figure 1. After
pressurizing the model with water, mostly in a static jacket,
procedures were employed to prevent exposure of the model to air. For
this purpose, the nose was removed from the static Jacket or static
tank, shown in Figure 6, placed in a water tank and then transferred
to the lucite cap filled with water The model with the cap was then
sting-mounted in the test section. After filling the tunnel with water,
the cap was removed and deaeration carried out. The model was further
pressurized along with the tunnel water to get a condition of minimum
stream nuclei as well as to further pressurize the model surface.

This pressurization was at the same pressure level as employed in
Series A, namely, 70 psia for 20 hours. The total air content for

Series B varied from 4 35 ppm to 5.53% ppm.

3.3.3 Series C. The last test series was characterized by

the name minimum-maximum Here an attempt was made to maximize the

s .ream nuclei and minimize the suriice nucle:

The condit:on of minimum surface nuclei was realized by
pressurizing the model 1in static water in the same manner as was done
in Series B. Tc get an abundance of stream nuclei, the tunnel was
completely filled with fresh tap water at the beginning of each test.
A total air content of about 15 ppm tc 19 ppm was characteristic of
this water.

It is important to note that the use of the words "maximum" or
"minimum” in the pre~eding paragraphs with respect to the number of

surface or stream nuclei, is open to question. There was no method

|
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available, during this investigation, to actually find the number and

size of the nuclel present.

3.4 Standard Tunnel Runs

Only two kinds of standard runs were carried out for each test,

these being the inception and desinence runs

3.4,1 Inception Runs. In generri, a fixed value of the set

pressure was chosen, namely, 15.3 psia. The pressure in the tunnel

vas set at this value before starting the tunnel for each inception run.
After this, the tunnel and the timer were simultaneously started and
the model nose observed for the onset of cavitation. The timer was
stopped at the first appearance of cavitation at any point or region

of the model nose. The time measured from the starting of the tunnel
to the first appearance of cavitation was called the inception time
(refer to Appendix D and Figares 7 through 1l to obtain the value of
R”i from the inception time, tl).

The value of 15 3 psia for a set pressure was selected so that
the tunnel attained a steady state pressure of about 5.4 psia. The
test section pressure of 5 U psia was nearly the lower bound for good
operational condition: for the particular pump-tunnel combination
employed in this investigaticn ‘At pressure: less than 5 L psia, a
large number of bubbles would be created in the stream This would

prevent t* realization of the condition of minimum Stream nuclei

and also the flow would become unsteady )
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For some inception runs, the model-tunnel system was pressurized
to about 85 psia for 10 minutes in most cases and for 15 to 30 minutes
in some cases, prior to the inception run, other details being the same
as before.

For a small number of tests, some additional inception runs were
carried out at higher values of the inception pressure or set pressure.

This was done to get some insight into incipient gaseous cavitation.

3.4.2 Desinence Runs. The standard procedure followed for the

desinent cavitation runs was much simpler. To start with, a steady
flow was first established and then the pressure lowered to about 5
psia to obtain & cavitating flow. Afterwards, the pressure was
gradually increased until all cavitation disappeared. The correspond-
ing value of the pressure was noted as the desinent cavitation pressure
Rm . Most of these runs were carried out at the higher speed of about
39dfps. Only a limited number of runs, for a few tests, were performed

at the lower speed of about 29 fps.

PSSR




CHAPTER IV

VISUAL OBSERVATIONS

L.1 Static Tests

In order to obtain some information about the surface nuclei
for the different materials in various conditions, four test series
were performed with the stainless steel, rubber polyethylene and
teflon models with the help of the static tank and/or static jacket
shown in Figure 6. ALl of the tests with these devices were conducted
under essentially static conditions.

For test series #1, the tank was fiiled with water after a model
was mounted in the tank. A vacuum of about 26 inches of mercury was
then applied at “he top of the tank and the model noze was carefully
observed through a microscope for the evolution of bubbles This was
called “the first application of vacuum in water" and 1s referred to
as the reference state. Noting the results for the various surfaces,
we find that hydropbobic surfaces such as teflon and pelyethylene give
rise to a profuse bubbling from the surface. The evolution of bubbles
for the reference state of the stainless steel surface was much less
than that of the hydrophobic surfaces but still many bubbles were
observed. On the cother hand, the rubber nose showed an even smaller

number of bubbles than that of the stainless steel nose.

B S
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For test series ##2, the water-model system was pressurized by
the hand pump shown to the left in Figure 1 to about 80 psi for & period
of about 10 minutes. Then, the pressure was reduced to about 1 psia
inside the tank and the nose observed for bubbles. This procedure was
repeated two or three times for some models. As a result, a marked
difference in the evolution of buobles was observed. In the case of
the stainless steel, only one bubble was observed initially; however,
after about 5 to 10 minutes, cne more bubble appeared. As the process
of applying high water pressure was repeated, the stainless steel
surface showed a trend of reduced bubbling. For the rubber nose, no
bubble was cbserved in the beginning but, 1f the application of vacuum
was continued for periods of time greater than forty minutes, one or
two bubbles eventually appeared on this nose. In order to investigate
further, the rubber nose was first kept in an atmosphere of air at
about 75 psi for about 4 hours and was then pressurized at about 80 psi
in water for about 10 minutes. When a vacuum of the same level as used
before was applied in water, a bubbling approximately equal to that of
the reference state was noticed. For the polyethylene nose, only one
bubble was observed in test Series #2. On the other hend, the teflon
surface gave rise to several bubbles in test Series #2.

A special test was conducted with the teflon #1 nose The
model was kept in water in the static jacket for about 24 hours at a
pressure of about 1125 psi. It was then transferred to the static tank
without exposing it to air and pressurized for about 22 hours at a

weter pressure of sbout 80 psia. 1In this way, an attempt was made to

? e S

g
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simulate the conditions applied to obtain a minimum number of surface
nuclei in test Series B and C of the tunnel program. Finally, when the
pressure was reduced to about 1 psia, one or two bubbles came out of
the surface after about 13 seconds and continued to come out for times
to 45 minutes without any additional bubbles appearing.

In test Series #3. the models were subjected to an air atmosphere
at 75 psi for about 10 minutes. The purpose of this prccedure was to
force the models to regain surface nuclei following test Series #2 in
which the models tended to lose nuclei as a result of pressurization
with water. As a result of applying the high pressure air, it was
found that the surfaces appeared to regain some nuclei in all cases
but to a varying degree. In a period of 10 minutes, the stainless
steel nose appeared to have nearly regained its reference state,
whereas the rubber nose did not attain the reference state although
it regained a few bubbles. Alsc, the reference state was not restored
for the hydrophobic surfaces. Polyethylene regained only a few bubbles
whereas teflon regained many bubbles.

The purpose of test Series #4 was tc observe the effect of
keeping the models in water for a prolonged period of about 24 hours
at atmospheric pressure. It was observed that by this process, the
rubber model lost almost all of its surface bubbling, whereas the other
substances did retain some surface bubbling but it was very much
reduced from that corresponding to the reference state.

No results for the glass nose have been reported in the

preceding paragraphs due to the fact that this nose was not employed
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for the static tests during the present investigation. However, the
behavior of the glass model in static water was studied by Reed (18)
and he indicated that the bubbling for this model was very much less
than that of any other nose employed in this study.

Thus, the static tests apparently indicate that surface nuclei
are most effectively retained on the teflon nose under varying
conditions, whereas surface nuclei are easily eliminated on the rubber
nose. The other substances tested in this investigation fall in

intermediate categories.

L.2 The Appearance of Cavitation at Inception and Desinence

In this section, we present some aspects of the appearance of
cavitation as observed during tunnel testing. During the tests, it
was found that the appearance of incipient and desinent cavitation was
quite different for the various noses. Therefore, an account of the
appearance of cavitation is given here in order to show a qualitative
difference 1in the cavitation characteristics of the models.

In general, two types of cavitation were observed at inception.
In some cases, 1t appeared to be of a continuous nature around the
model nose such as for the glass and stainless steel models. In other
cases, it seemed to be originating from discrete points of the surface
as demonstrated by the teflon, polyethylene and rubber models.
However, it should be noted that in all cases except the rubber nose,
when cavitation finally occurred, it was in a state of developed

cavitation rather than limited cavitation.

1
1




23

If we consider the results of Series A and B, we may infer that
the stream nuclei are controlling the onset of cavitation for the
hydrophilic surfaces such as glass and stainless steel (for an
explanation of this, refer to Section 5.1). Also, for these models,
wve obtain a continuous ring type of cavitation which starts to flash
during desinence. Therefore, these results appear to suggest that
when stream nuclei are responsible for the onset of cavitation, we
obtain a ring type of cavitation. On the other hand, the results of
Series A and B, discussed in Saction 5.1, suggest that teflon and
polyethylene, which are hydrophobic, seéem to depend on surface nuclei
for the onset of cavitation. For these models, we observed finely
separated but distributed streaks of cavitation alil around the nose
wvhich became very spotty at dezinence. (The spotty nature at desinence
can be understood from the fact that a material contains an aggregate
of very small cavities distributed ‘hroughout th2 volume of the
substance. Some of these cavities may be quite large and some
relatively small. Thus, at higher pressure:, only the larger cavities
may be in a position to contribute to cavitation and, hence, the spots.)

For the tests in Seriez C, we notice .nat the air content of
the water was very high and alsc from thes results of the tests, as
discussed in Section 5.1, it appears that str2am nucleil may be
responsible for the onset of cavitation for all the ncses. Therefore,
based on the arguments of the preceding paragraphs, we ghould observe
only one type of cavitation on all the noses in Series C; i.e., a

continuous ring type of cavitation. But in practice, the streak type



.

2k

of cavitation was observed for the teflon and polyethylene models in
Series A, B, and C. Thus, the relationship between the visual
appearance of the cavitation and the type of nuclei causing the
cavitation is unknown.

The cavitation characteristics of various noses have been
roughly sketched in Figures 12 through 17 and summarized in the follow-
ing paragraphs. (The front side in these figures refers to the side
of the test section or model shown in Figure 1, whereas the opposite
side is called the back side.)

It should be noted in Figures 12 through 17 that the inception
of cavitation corresponds to a steady state free stream pressure, Rm,
of about 5.4 psia after the tunnel was started at a set pressure of
15.3 psia. This means that the condition of inception as shown in
these figures might not have been observed in that form, for all the
models, exactly at the onset of cavitation. Similarly, for desinence,
the various locations of spots are the totality of the spots observed
for a model during all the tests. But, during any particular run or

te: :, only one or two or more spots may have been observed.

L.2.1 Glass Hemispherical Nose (Gl). For reasons to be

explained in Chapter V, the glass nose was tested at an angle of attack
of 5 degrees. Therefore as would be expected, cavitation was observed
only on the upper face of the nose (see Figure 12).

At inception, the cavitation was quite dense and continuous as
sketched in Figure 12-a. During a desinence run, the cavitation started
flashing early in the run and continued doi~g so as the pressure was

increased.




L.2.2 Stainless Steel Hemispherical Nose {S1) For this nose,

cavitation inception was almost continuous in the form of a ring around
the nose. This ring did not originate at the tangen' point but was
shifted a little towards the downstream end. (The Tangent Point of
the model is the point where the hemispherical nose joins the
cylindricel portion of constant cross section.)

As the pressure was gradually increased during a desinence run,
the cavitation ring started flashing. Near the final stage of desinence
the flashing was not present all over the nose but only near the bottom

portion of the backside. The nature of cavitation for this nose is

sketched in Figure 13.

L.2.3 Polyethylene Hem:.spherical Nose (Pi). The appearance

of the cavitation on the polyethylene nose was different from that of
the glass and stainless steel models At ~he 1inception of cavitation,
some spots appeared near the top or bottom face on either eide of the
nose and quickly spread all around the nos< Though the cavitation was
observed all over the nose, it was nct continuous as in the case of
either the glass or stainless steel modelz. On the contrary, there
were very thin streaks of cavitation at discrete points. The points

of origin of theaze streaks also did not lie in one vertical piane.

Some were located near 'he tangent point and scme at points upstream

of the tangent point ag indicated in Figure 1lb-a. The location of

spots at the tangent point or upstream of it were quits random
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During desinence, the cavitation was very spotty. Sometimes
only one spot of cavitation disappeared, whereas at other times two
or more spots disappeared together. In Figure 1lL-b, the positions of
seven spots have been sketched. However, it should be noticed that
in no single run or test were all of these spots observed together.
Thus, desinent cavitation with this nose was quite random in nature

with respect to the location of the spots.

L,2.4 Teflon Hemispherical Noses (Tl and T2). Figures 15 and

16 show the cavitation characteristics of the two teflon noses. These
noses have almost the same characteristics as tlL: pclyethylene nose so
far as the appearance of cavitation is concerned. The only difference
is the number and location of cavitation spots for desinent cavitation.

while testing the teflon #2 nose at higher values of the total
air content, a perculiar phenomenon was observed. Besides having the
usual streaks of cavitation near the tangent point, there were very
tiny spots of cavitation all over the upstream port.on of the nose
except right at the tip. During desinencz, these tiny spots

disappeared before the big streaks disappeared completely.

4.2.5 Rubber Hemispherical Nose {R1). Of all the models tested,

the rubber nose appeared to exhibit the most random behavior. Unlike
the other noces, it was the only nose which showed a random behavior
during incipient cavitation. Firstly, it was very spotty which means
that a continuous ring of cavitation was never observed with this model.

Secondly, sometimes a spot or two appeared on the back side while, at
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other *imes, some 5pot > were on:ssrvsd only on tne front side Rrant
locations of cavitetion :pots are showr 1 kFigur2 17-a for *h s note
However, it shcould be noted that all of the.e spots rnaver appear>d 1n
the same run or test

In the same manner; desinence was very random fcr this nose
Sometimes one or two spot:s wculd rerain fixed untili d1sappearance
while, at other times, flashing of cavitation in scme reg.on of the
nose was observed. Also, the locations of the spots varied from run
to run and/or test to test The various spots of cavitation which were

observed at different times are sketched in Figure 17-b.

4.2 6 Zero Caitber Ggiv: No:zss .TOl and ROl!. Incipient

cavitation was in the form of a developed cavity A: the precsure was
gradually increazed during desinence. tne cavity bscame shorter and
finally started flashing near the pr=ssur:s corresponding to final
disappearance

With the teflon nose, during desinence 2¢ the higher vaiue of
dissolved air ccntent (test #55) 1t was obtserved that after the
cavity disappeared, some very 3small bubbles wer- present at the sharp
edge of the nose When the prescure was further increas=d >lowly,
these bubbles finally disappear=d at a maich higher value of the free

stream pressure




CHAPTER V

EXPERIMENTAL RESULTS

5.1 Investigation of Incipient Cavitation

5.1.1 Presentation of the Data. The experimental data are

tabulated in Tables 3 and 4. For the most »art, Table 3 contains
information about initial conditions for all of the tests, whereas
the observed lata together with some calculated parameters are given
in Table 4.

The various quantities tabulated in Tables 3 and 4 are defined
in Table 1. For example column four in Table 4 is the inception time
for the first inception run In most cases, two tests were conducted

with each model and so the tabulated value of inception time 1is the

average of the two observations. In most cases, the spread about the
mean value was small.

The data are tabulated in four groups in Table 4. The first
group conslsts of the hemispherical-nosed models with hydrophobic
surfaces, such as teflon and polyethylene. Glass and stainless steel,
being hydrophilic, are in the second group. The rubber hemispherical
nose has been placed in a third group because of the exceptional

characteristics displayed by this material. The last group consists

of the zero callber ogive noses made of teflon and rubber.




Initial tests conducted witn the glasz: noce 8t an angle of
attack of zero degrees indicate that the model nad a verv low
cavitation rumber for the onset of cavitation, and that the pressure
was too low for satisfactory coperation of the tunnai It was thus
necessary to operate this model at an angie of attack of five degrees
in order to increase the presaure for incept:on and thereby avoid
unsatisfactory operational conditions

It was difticult to run te:ts for prolonged pericds at iow
pressures in Series C because ¢f the accumulation of a multitute of
bubbles caused by the high total gas content of the water. This
condition made it difficult tc cttain destrent cavitation data for
the glass and stairless steel nos=s. 7The values of the desin=nt
cavitation numbsrs for other nose: and for tast Ser:s5 A and B have
been noted in coiumn elfven of Table 4 for future reference and for
compariscn with other invest:i:gations

In Table 4, emphasis has beesn piaced cn the data for the first
inception run “which 1s also the first run of the test' because this
was the r.n which was most .ike.y to shcw an effect cof 1nitial
conditicns. For #xarple, in th= caze of the teflon hemispherical nose
fcr Series B, the conditicon of minimur :urface nacle: may only exist
for the fi-st run "his may not be *rae for the subsequent runs,
because a continned expozure of the surface to very icw pre:z:iures
during the first inception run may disturb the surface nuclei

situation which in turn could influence the {nception time.
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5.1.2 Discussion of the Results for the Hemispherical Models

(T2, P1, Gl, S1 and R1). A direct comparison of the

inception time for the first run, column four in Table 4, for the
hydrophobic models indicates that these times are small for Series A
tests. However, the inception times almost double for these models
in Series B. Thus, this difference in inception time should correspond
to the change in the condition of surface nuclei (in Series A, the
surface nuclel were maximum whereas a condition of minimum surface
nuclei was characteristic of Series B). Similarly, for the first
inception run a comparison of inception time for the glass and stainless
steel models indicates that the magnitude of inception time does not
differ significantly for Series A and B. 1In other words, conditioning
of the surface nuclei has no effect for these substances and the
corresponding time should be indicative of the stream effect on the
onset of cavitation. Thus, we find that in the case of hydrophobic
surfaces, surface nuclel are apparently playing an important role in
the onset of cavitation under certain circumstances, whereas
hydrophilic surfaces may depend entirely on the stream for nuclei.
Comparing the values of inception time, for the first inception
run, for the teflon and polyethylene models in Series B and C, we find
that thesge values are, for tests in Series C, almost half of those in
Series B. This difference should then correspond to the change in the
stream conditions because, for both test Series B and C, surface nuclei
were kept at minimum and only the stream conditions were varied.

Similarly, the inception time for the glass and stainless steel models
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in column four of Table 4 1s considerably smalier fcr Series C as
compared to Serles A and B. This !ndicates that the onset of
cavitation for these twc substances more or less depends on the stream
As a result, the inception time is nearly the same for both Series A
and B (where stream conditions were the same) and i1t changed in Series
C (where stream conditions were altered) On the other hand, for the
teflon and polyethylene models, surface nuclei were active for the
onset of cavitation when surface conditions were favorable .in Series
A) but the stream apparently controlled the inception when surface
nuclei were reduced to a minimum (in Series B and C). The smaller
values of inception time obtained in the tests cf Series C may be
due to the high air content of water employed in these tests. If
stream nuclei were responsible for the onset of cavitation, then 1t
may suggest that the probability of having a large number of free gas
bubbles is increased thereby resulting in a descrease in the inception
time. On the other hand, a high degree of over saturation as a result
of the high air content may cause a rapid growth of the surface nuclei.
Therefore, it 1s also possible that surface nuclei may influence the
onset of cavitation for the teflon and polysthyiene 1iodels in Series C.
However, at precent, it (s difficult to conciude in favor of either
surface or stream nuclel as the primary souarce for these cases.

When we ccompare the inception time for the first inception run
in Series C for the hydrophobic (f e., teflon and polyethylene) and the
hydrophilic (1 e , glass and stainless stael! substancers, we find that

they are smaller for the former substances than for the latter
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substances. This may indicate that apart from the stream, the model
surfaces, too, exhibited some influence (a similar argument was
presented in Section 4.2). These differences may be due to various
factors such as surface smoothness, nose shape, surface characteristics,
or various combinations of these possibilities.

No discussion of inception data for the rubber model was
presented in the preceding paragraphs because of its perculiar surface
characteristics. We find from column four of Table 4 that the
comparison of inception time for Series A, B, and C for this nose shows
an apparent effect of both surface and stream nuclei. The inception
time is maximum for Series B. This means that as a result of
minimizing the surface nuclei (from test Series A to B), the inception
time went up. On the other hand, by increasing the total air content
(i.e., from Series B to C) but keeping the surface nuclei to & minimum,
the inception time went down. Therefore, although the trend in the
data is similar to the hydrophcbic substances (1 e., teflon and
polyethylene), it cannot be included in the same category because the
magnitude of the inception time is much greater for the rubber model.
The higher values of inception time might have been caused by errors
in the contour of the nose (which might have caused a decrease in the
minimum pressure coefficient for this model®) or due to some other
unknown phenomenon, but at this stage it appears difficult to conclude
anything definitely.

In the previous discussions, we have focused our attention on
the first inception run data. Next, we discuss the history aspect of

various tests as further runs were conducted. Column five in Table b4
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lists the inception time for the second run of each test, whereas in
column six are listed the average values of two to six inception runs
(after the first) for every test. Therefore, the comparison of values
in columns 4, 5, and 6 for each test indicates that the values lie
within + 0.3 seconds of the average value and thus this shows that the
results are very consistent and repeatable. The only excéption to this
is the teflon nose in the Series B tests. For this model, the inception
time was large for the first run but suddenly dropped in the subsequent
runs. However, it should be noted that teflon is the only material
which does not lose all of its surface nuclei under various conditions
as indicated by the static tests (refer to Section 4.2). Therefore,
when the teflon model was conditioned for minimum surface nuclei in
Series B, it may be that this conditioning was effective during the
first run and, when subsequent runs were conducted, the surface nuclei
had become active because of the low pressure conditioning in the first
run.

Thus, we see that the experimental procedures gave consistent
effects from one run to the next and also from one test to the next.
If initially surface nuclei were active (test #311, 312 aad 294, 295),
the effect of such nuclei was maintained and if the stream nuclei were
controlling the onset of cavitation; rurning time did not influence the
effect of such nuclei.

Consicdering the effect of pressurization at 85 psia for 10
minutes prior to an inception run on the onset of cavitation (refer to

columns five to seven in Table 4), we observe that for the teflon model
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(where surface nuclei played an important role in inception) ard for
the glass and stainless steel models (where stream nuclei were the
controlling factor), there was no appreciable effect of this level of
pressurization. But a significant effect at the above level of
pressurization is noticed for the polyethylene nose when it was tested
in Series A (test #294 and 295). We observe that for this model the
inception time is nearly constant at about 3.18 + 0.14 seconds in
columns four to six in Table 4 for Series A and these tests indicate
that surface nuclei are contributing to the onset of cavitation. But
vwhen a pressure of about 85 psia was applied for about 10 minutes,

the inception time increased to 5.03 seconds (see column seven, Table 4).
This may suggest that, as a result of the pressurization, the condition
of the surface nuclei was altered. When we refer to the static tests
for this model, we find that, as a result of pressurization in water

at 80 psi for 10 minutes, this material tends to lose its surface
nuclei (refer to Section 4.1). But the same is not true for the teflon
model when subjected to 85 psia for 10 minutes. This may be caused by
differences in porosity. Teflon is comparatively more porous than
polyethylene, so that the former may have a larger supply of gas in
the pores which could not be completely eliminated by pressurization.
But, polyethylene being less porous may have & smaller amount of gas

and thus may be more influenced by pressurization.
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The inception data for the rubber nose, from Table 4, is noted

below:
2 3 b 5 6 : |
Test Series Model ti-l ti_2 ti-av ti-pav
A Rl 9.60 8.61 12.49 12.30
B RL 10.14 8.02 8.33 10.90
c M e 2 s.%» 0 3%

We observe that it is not consistent as was the case with the
other models. Fr.. the data, it appears that the inception time falls
in the second run but again increases for subsequent runs in almost all
the tests for this model. Data in column seven also indicates that
there may be an effect of pressurization at 85 psia for 10 minutes
prior to an inception run as well, but again it is not true for the
tests in Series A for this model. Thus, at present, it appears to be

difficult to conclude anything definite about this model.

5.1.3 The Meaning of Inception Time for Surface and Stream

Nuclei. In this section, we are interested in
discussing the meaning of the inception time observed in various tests
and discussed in the preceding section. We observed that for the
teflon and polyethylene modele, surface nuclei contribute to the
inception of cavitation in certain circumstances (1.e., for the tests
in Series A) and for thcse cases, the inception time was 2.99 + 0.33
seconds. In the case of the glass and stainless steel models, stream
nuclei seem to be influencing the onset of cavitation and the
inception time can be taken as 6€.00 + 0.60 seconds for Series A and B

tests.
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The inception time for the surface nuclei, nemely, 2.99 + 0.33

seconds, may correspond to the time taken by the gas bubbles trapped

in the pores of the materiel to grow to & signifi-ant size. On the
other hand, the inception time of 6.00 + 0.60 seconds for the sti-am
nuclei may be a characteristic time for the pump-tunnel combination of
the experimental facility. This time may be that required by the water
to pass through the pump-tunnel circuit a characteristic number of
times before enough bubbles are created in the stream tc give rise to
cavitation. It is interesting to note that at a velocity of 39 fps in
t..e test section a particle will traverse the tunnel along the central
streamline in about six seconds.

The inception time for test Series C is 2.6% + 0.35 seconds for
the hydrophobic surfaces and is given by 3.80 + 0.75 seconds for the
hydrophilic surfaces When these values are compared with those of
Series B tests, we find that these are much smaller. This decrease
in the inception time may be due to the nigher total air content

characteristic of test Series C

5.1.4 Vaporous and Caseous Cavitation. For the inception runs

noted 1n Table L anl discussed in Section 5.1.2, the tunnel wvas started
at a set pressure of 15 5 psia 50 that steady flow was attained at a
pressure of 5.4 -s1a and a velocity of 38.8 fps which gave a cavitation
number of 0.48 (note tnat the minimum pressure coefficient for the
hemispherical models i{s 0.69). This implies that the cavitation vas
vaporcus et stealy state. Except for the rubber nose the cavitation

vas usually vell developed at the steady state condition bvecause of the
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low cavitation number. However, we obgerve that in some cases
cavitation was initiated long before the steady state was attained.

For example, in test #311 and 312 with the teflon model, the inception
time is only about 2.75 seconds This inception time is much less than
the calibration time for the tunnel which was about 8.4 seconds (the
calibration time is the time taken by the tunnel to reach a steady
state after 1t was started) The minimum pressure on the model nose

at the mcment of cavitation initiation was % 95 psia This 1ndicate:
that at the time of initiation, cavitation was not vaporous but rather
it was gaseous. Similar arguments can be advanced for the polyethylene
nose (additional aspects concerning paseous cavitaticn on thece models
are discussed in Section 5 2)

In the case of the stainless steel model, the situation was
somewhat different For this model, the minimum pressure on the model
nose was below the vapor pressure at cavitation initiation as indicatel
by a surface pressure of about -1 1l psi1a at the minimum pressure point
in Series A and B

It ie impcrtant to note the difference in the na'ure of tne
appeararce of cavitation at initiation for the hydrophcb:c models
(1 e., teflon and polyethylene) and the hydrophilic models (1 e , glass
and stainless stecl) For ~he tcimer, cavitation wouid i1nitially appear
at one or twc points on the nose and then juickly spread over the whole
surface in the form of develioped cavitation in the case of the

hvdrophilic sutatances, the ey, ~arance of cavi‘ation at in)tiation was

not very much different frem 1ts finel s5'a'~ ac seen by the naked ¢ ¢




5.1.5 Discussion of the Results for the Zero Caliber Ogive

Noses (TOl and ROl). For convenience, we note the data

for the zero caliber ogive models from Table 4 in the following form:

e 3 n 5 6
Test Series Model ti-l ti-2 ti-av

A ™1 2 51 2.51 247
A RO1 2.7h 3. 31 L 76
B TO1l 4.37 2.92 3.02
B RO1 5 59 2.74 2. 72
C TO1 2.3%% 2.35 2.33
C RO1 2 47 2 40 2 L2

A comparison of the inception time for the first inception run
for Series A and B suggests an effect of surface nuclei {note that
surface nuclei were maximum in Series A while they were minimum in
Series B). Similarly, a comparison of Series B and C tests suggests
that stream conditions also show a significant effect and that as the
total air content increases, the incept.on time goes down incte that
the total air content cf water was increased considerably in going
from Series B to )

Thus, from the experimental data, 1t appears that both the
surface nuclei and the stream nuclei may be active in different
circunstances. But from an understanding cf the flow characteristics
of the zero caliber ogive noses, we would not expect any major
contribution from tre surface of tne model and the model should depend
primarily on the stream for nuclei. Therefore, the interpretation of

the data for the zero caliver ogives i1s indefinite at this time.
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il Comparison with Previcu= Investigations Before an

attempt i= made to compare the reszults of thiz investigation with those
of Treaster (20), Hell anéd Treaster (14) and Reed (18), cne important
fact should be cleariy noted. In previous investigations;, the most
important gquantity for comparison was the delay time, whereas in this
investigation, emphasis has been placed on inception time However,
this difference in emphasis may not be viry critical because incention
time does represent a measure of the delay in cavitation during the
inception process.

Treaster found a marked decrease in delay time for the stainless
steel model when it was coated with tefion and he attributed this to
the hydrorhobic and pcrous nature of the teflon coating. Similarly,
Reed; and Holl and Treaster obzerved nc delay time with the solid
teflon surface. The results of this study alsc indicate that solid
teflon is the only substance which shows the maximum contribution from
the surface nuclei and the_inception time 1s also very small. However,
Reed's conclusion concerning the effect of pressurization of ‘he teflon
model appears to be contradicted, to some extent, by the present study.
Whereas Read found no =ffect of pressurization at 750 psia for 50
minutes, an initial effect of preazsurizaticn was cbserved in the first
inception run of tests #9560 and S€1 with the 2c1id teflon nose during
the present invesztigation. This may be dus to the fact that pressuriza-
tion was more severe in the preszent investigation since pressures of
291 to 1000 psi were employed for periods of 41 to 48 hours. However,
the application of & pressure of 85 psia for 10 minutes prior to an

inceptinn run showed nc significant effect during this investigation.
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Reed did not observe pressure history effects for the teflon
nose but did experience such effects in many other inctances. However,
it is not clear how these effects can be related to the present
investigation because different facilities and procedures were used.
Many of Reed's pressure history effects may have been due to changes
in the distribution of stream nuclei which depends in general on the
characteristics of the flow facility.

Comparing the data for the glass and stainless steel noses, Reed
observed relatively large values of the delay time for the glass nose
whereas the inception time, during this study, was nct much different
for the two noses In this regard, it should be noted that, during
the present investigation, the glass nose was tested at an angle of
attack of 5 degrees, whereas it was at zero degrees for Reed's
experiments. Therefore, whether the discrepancy 15 due to the angle
of attack or due to some other factor is unresolved at this stage and
may need to be considered further

Reed aiso carried out some theoretical calculations for the
delay time. But neither Reed's results nor the present results appear
to be explained by his calculations. However, we note that Reed
employed the nuclei model of Harvey et al (11) by using the Epstein-
Plesset solution (6) for diffusion into a conical cavity. For this
solution, one of the importent assumptions made 1is that the diffusion
length is much greater than the bubble or cavity diameter. This may
not be true for the cases considered by Reed and this question should

be resolved.
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5.2 Investigation of Gaseous Cavitation

5.2.1 1Intrcduct:ion In the 1nveztigation of limited
r cavitation, inconsistencies between various sets of data taken under
supposedly identical conditions have been encountered. [t 1s the
contentinn of Holl (i3; that this may often be due to the improper
identification of flow regimes That 13, 1n i1nvestigating a certain
flow, an observer may feel that he iz observing vapcrous cavitatinn

but in reality the cavitation 18 gazeous Since vaporous and gaseous

cavitation are controlled by differznt mzchanisms, i1t is understandable

P

that such confusion can lead to inconsistencies in various sets of data.
Early in this investigation, it becam~ apparent that the teflon
and polyethylene mod:is both cof which are hydroprcbic experienced
gaseous cavitation ju:te easily Furthermcre, :uch cavitation could
be produced at flow states where the boundary pressure was
significantly above vapor pressure It was thus dec:ded to conduct
special tests which were spzcifically designed *2 1nvestigate both
desinent and inciplent gas-ous cavitation The result: of the desinent
gaseous cavitation tests are presented in the following eection whereas

the incipient gsse-us cavitation data are given in Section 5 2.3,

5 2.2 De:inznt Gasecus {avitation ;Just prior to the

disappearance of all cavitation on the teflon and polyethylene models

{ only one or two small spots cf cavitation were observed during this

investigation In most cAases, these spot: remained in fixed positions

during a particular run
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Because of the experience of Hnll (12) with <pots of paseous
cavitation, the behavior of the teflon and polyethylene models
suggested that the spots of cavitation were gaseous cavitation rather
than vaporous cavitation. Therefore, some additional tests, namely,
#308, 564, and 295, were specifically designed for the study of gaseous
cavitation and carried out with the teflon and polyesthylene noses.
Desinent cavitation runs were carried out at both speeds namely 29 fps
and %9 fps. The results of these tests are noted in Table 5. FHowever,
in order to exhibit the repetitiveness of the desinent numbers in
different tests, the results of other tests, namely, #294, 309, 562,
and 563, have also been noted in Table 5.

In order to compare the experimental values of desinent numbers
with the calculated values, Ejuation (13) of Reference (12) was

§ employed :

oy B

Gy = G ¢+ 2 (5.1)

1/2 PL V;

The term corresponding to the reciprocal of Weber Number (We)
has been neglected in the above equation. ([Note that, by definition,
Weber Number is cjual tc the ratio of inertia forces to surface tension
forces  Also see page Ll of Reference (195).]

The pressure coefficient, CP’ in Equation {5.1) is to some

extent indefinite. In most instances, spots of cavitation were
stabilized near the region of minimum pressure and therefore as an

estimate, CP may be taken as equal to CPm & for a hemispherical nose

i
which is 0.69 for the cases considered. However, Holl (12), for his
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calculat:nns, empinved tnr2 cavitaticn nwnber OI' corresponging to the
d1sappearance of areal vaporous cavitation at the hipghest speed  uring
the particular test). Similarly, durting the present te:ting, a value
of op equal to 0 877 for the teflon medsl and " equal to 0 80k for

!
the polyethyiene model, at the higher specd ¢ about ) fp:s and

corresponding to the beginning of the spotty appearance of cavitation

were recorded. However, the values of ¢ were not eacily obtained
P

because the disappearancs <f the areal cavitation wae nct well defined
as 1in the cases considered by Holl

Equation (5 1; is plotted 1n Figur=: 18 and 19 for two values
of the dissolved air content. and theze results ars :thown by the
curves n.mbered 3, 4, 7, apd 8 Two values of CP vave been considered,

namely, ons £qual 10 Up and ths other equal te it 15 observed

¢
Pran
that the theoretical curves agrer move clcoieiy with ths experimentai
values at the higher air content: Tra rather pcor agreement at lower
values of the alr content suggested the use of the term i1nvoiving

Weber Number in Equation S 1), so that witn this term, the equation

takes the form

%3 P _2y/r
poV.© /e p, Vv

ny

2 (9

\J
no

Equation % 2; has been pletted 1n Figures 18 and 19 for two
. ) ) -l
values of r tthe tubole radius at fiual d=2:zinence), namely 3 37 x 10

-b
and 2.0 x 10 inches, and these results are given by the curves

numbered 1, 2, 5 and 6 7The agreement of Fquation <% ) with the

g e appnd
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experimental values for lower air contents is better than that of
Equation (5.1), but Equation (5.1) is in better agreement with the data
for higher values of the dissolved air content.

It is observed from Figures 18 and 19 that the theoretical
results agree very well with the experimental results at higher
dissolved air contents without the Weber Number term. Whereas, the

agreement at lower values of air content is good with the Weber Number

term included. This might suggest that the value of the bubble radius
at the disappearance of cavitation is much greater at higher values of
air content than at lower air contents. However, from physical
understanding and visual observations during testing, it is difficult
to say whether this is in fact true.

It should be noted that in applying Equations (5.1) and (5.2),
it was assumed that the dissolved alr content, ad, was equal to the
total air content, «, as measured by the Van Slyke apparatus. This
assumption may be somewhat questionable in cases where the percentage
of free air is high and thus may account for some of the lack of

agreement between theory and experiment in Figures 18 and 19.

5.2.3 Inciplent Gasgeous Cavitation. I1nciplent gaseous

cavitation was studied with the teflon #1 model and the experimental

results of this study have been summarized in Table 6. We note that
in this table three values of time, namely, the inception time,

calibration time and delay time have been listed in columns five to
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seven. The first two values were used to calculate the third with the
help of the following relation:

td " ti P tcal s (5 3 )

Thus, we note that in some instances the value of delay time
as given by Equation (5.3) is negative. It should be emphasized that
the calibration time for this investigation was much greater than the
drop time for Reed's (18) study (drop time is the time required to
drop the pressure from a high value to the inception value with the
tunnel running at steady state). The pressure in the test section and
over the model surface was also continuously dropping during the
calibration time. Thus, the cases which give negative values of delay
time are those for which cavitation was initiated before the set value
of the inception pressure was reached.

The value of C, .= equal to 0.69 was employed to calculate the
minimum pressure on the model nose from the corresponding value of
free stream pressure at inception, P.i. This value of minimum pressure
was taken equal to the liquid pressure for delay time calculations
presented in the latter part of this section.

It ies interesting to note that when the value of inception
pressure was very close to the desinent pressure (run #20, test #308),
no cavitation was cbserved during e period of 300 seconds for which
observation was made. But as the inception pressure was lowered,
finite values of delay time were obtained. This implies that as the
relative saturation increases, the delay time decreases. Similarly,

for test #309, since the relative saturation was small, namely about
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1.7, very high delay times were observed. The trend of increasing
delay time with increasing inception pressure (and hence decreasing
relative saturation) is also obvious from the data of test #56U .

The Henry's Law constant, B, is approximately 1 psi/ppn at
the temperatures employed in this investigation. Thus, the relative
saturation at the minimum pressure point in the absence of surface
tension is approximated by the ratio of the air content in Table 3
to the corresponding minimum pressure in column four of Table 6.

Another important observation to be mede in Table 6 is the
effect of air content on delay time. We note from Table 3 that the
air content for test #564 was much greater than that for either test
#308 or 309. Therefore, even though higher values of inception pressure
were employed in test #564, very short values of delay time or inception
time were obtained. All the runs presented in Table 6 were conducted
at the higher speed of about 39 fps.

Column eight has been incorporated in Table 6 merely to present
a qualitative summary of cavitation characteristics of the incipient
gaseous cavitation as distinguished from the vaporous cavitation
discussed in Sections 4.2 and 5.1.

In order to find out whether or not the observed values of
delay time were of some significance, some very simple calculations
were carried out by employing the Epstein-Plesset solution (6) to the
nuclei model of Harvey et al (11). At this stage it should be noted
that there is a significant difference between the mechanisms of
vaporous and gaseous inception of cavitation. For the former, the
rapid growth is due to the fast conversion of a liquid to its vapor
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form whereas for the latter, growth essentially occurs due to the
relatively slow rate of transport of noncondensable gas to the
cavitation nuclei. It takes place only due to a high degree of over
saturation of the liquid. Reed (18) carried out some calculations for
incipient vaporous cavitation but his results did not explain the
experimental findings. On the other hand, some of the basic equations
as used by Reed were employed during this study in order to estimate
the delay time for incipient gaseous cavitation. It was found that it
is possible, even with the great degree of simplification used in these
calculations, to obtain growth times of the same order of magnitude as

observed during the tests. The equations employed were:

2
3(1-¢%) + 280525 - 2) (1-€) + T (g2F - 2) 1n LA
H
-« (1-f) ‘n_:' <2, (5.4)
where
H
- FEawn e 6 (1 - 8in (6 - 9)] (5.5)
L cos” (6 - 0) cotd + sin3 (6 - ) -3 8in (6 - @) +2
R
= = ’ (506)
€ R
2z
5 - PL-P y (5‘7)
v
pC
T _P:.'i*’v . (5.8)
2DR T
- a—ng—t : (5.9)
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and

® = half angle of the conical cavity.

PL used in the above equations is the liquid pressure outside
in, given in column four of Table 6.
Equations (5.4) and (5.5) have been altered to account for the

the cavity and is equal to Pm

fact that 6 was greater than 90 degrees whereas in the cases considered
by Reed, 6 was less than 90 degrees.

The basic geometrical factors employed in Equation (5.4) to
Equation (5.9) are defined in Figure 20. It is assumed that the
nucleus has some initial size measured by Ro. Growth occurs due to
the transport of noncondensable gas across the interface causing the
interface to move outwards. The pressure Pmini must be such that the
liquid is supersaturated for growth to occur. Also, it is noted that
the surface tension acts in the direction opposite to that for a
bubble. This fact influences the terms involving 6 in Equation (5.4).
In order to carry out a calculation based on Equation (5.4), it is
necessary to select an initial radius, i.e., Ro and some final radius,
i.e., R, so that ¢ is specified. It is realized that Ro and R_ are

5 T

indefinite. Nevertheless, Rf may possibly be estimated by assuming :

it to be equal to the lower limit of size visible to the naked eye,
i.e., about 0.001 inches. Thus, Ro would be several orders of

magnitude smaller than Rf.

For carrying out some calculations in this study, three values

of initial redius, R, were considered, namely, 10'6, 102 and 10’“

inches, and tiie for the growth of interface radiuc five to fifty times
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the initia)l value were calculnted for various values of half cavity
angle, & Four each of auch calcuiations, the value of liquid pressure,
PL’ vas kept constant. [t wvas found that the grovih time was very
much dependent on the value of inttial radius  Negative growth times
vere obtained for some values of €. The positive values of grovth
time obtained for some cases vere then plotted as a function of §.
One such greph 1s shovn in Figure 2) corresponding to a liquid pressure
of 0.9% psia which s the vnlue of P.m‘ for runs #21 to 29 of test
#308 in Teble 6.

In Plgure 21, tvo curves numbered 1 and 2 have been plotted
for an initisl redius of 10"‘ tnches  For initial radius of etither

10'6 or 107

inches, no positive values of growth time vere obtained
This vas also true for values nf ¢ less than thirty at the fnitial
radius of 10'1‘ inches However, any number of curves for greater
values of ¢ can be ottained which will occupy the region of the plot
above curve number 1 in Figure 21 From this plot, we observe that
the experimental values of delay time for runs #21 to 23 of test #308
lie 1n the region of positive growth time. But 1t is difficult to

select any particular theoretical value for comparison with a given

experimental resuit because ¢ and ¢ are unknown
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CHAPTER VI

EUMMARY OF RESULTS AND CONCLUSIONS

6.1 Summary
The main purpose of this study was to investigate the effects

of surface characteristics on the onset of cavitation. The surface
characteristics of concern vere the contact angle and porosity. In
addition, desinent and incipient gaseous cavitation were also studied
and some encouraging results vere obtained.

In order to sepurate the effects of contact angle from those
of porosity, test models made of five different materials, namely,
glass, stainless steel, polyethylene, teflon and rubber were employed.
Special procedures were followed for distinguishing betveen the effects
of surface and stream nuclet. All of the cavitation tests were divided
into three main categories referred to as test Series A, Band C. In
Series A, a condition of maximum surface nuclei and minimum stream
nuclei was obtained, whereas in Series B, both types of nuclel were
minimized. Test Series C was characterized by a condition of minimum
surface nuclei and maximum stream nuclei. In this way, it was easier
to snalyze separately the effects of the surface and the stream nuclei.

The cavitation tests were conducted in a water tunnel having a

circular test section with an inside diameter of six inches. Most of

e ey —
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the experiments were conducted at the higher speed of 39 fps although
some desinent gaseous cavitation tests were conducted at the lower
speed of 29 fps.

In addition tc the water tunnel experiments, tests were conducted
with the various models under static conditions in various containers.
The purpose of these tests was to determine the effect of various types

of pressurization on surface bubbling.

6.2 Conclusions
The main conclusions which can be reached from this study are

listed in the following sections.

6.2.1 Static Tests. The teflon model which was hydrophebic
and porous has prcfuse surface bubbling initially and retains some
bubbles even after pressurization with water. In contrast to this,
the rubber model which 15 wetted by water is influenced very easily
by pressurization with water for, in some cases, the surface nuclei
were apparently completely eliminated by the pressurization. The
other surfaces employed in this investigation namely polyethylene
and stainlese steel are in categories between the teflon and rubber
with respect to the influence cof water preszurization on surface

bubbling.

6.2.2 Incipient Cavitation. (a) The hydrophobic hemispherical

models made of teflon and polyethylene indicate a definite contribution

of surface nuclei to the cnset of cavitation provided the surface nuclei
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are in a normal condition, i.e., no effort has been made to minimize
the surface nuclei.

(b) The hydrophilic hemispherical models made of glass and
stainless steel seem to show no contribution of surface nuclei to
the onset of cavitation and may depend entirely on the stream nuclei
for cavitation.

(c) The rubber hemispherical model behaved in a manner
different from that of the teflon, polyethylene, glass and stainless
steel models. This model may or may not have a contribution of surface
nuclei to the onset of cavitation.

(d) The observations for the zero caliber ogive models are
unexplained. These results suggest contributions by surface nuclel
but thie is difficult to reconcile with the fact that because of the
nature of the separated flow the primary source of nuclei for such
bodies is probably the stream.

(e) With an increase of air content an increased effect of
stream nuclel 1s apparent from the results of test Series C. Thus,

as the air content increases the inception time decreases.

6.2.3 GCaseous Cavitation. (a) The desinent number increases

as velocity decreases.
(b) The desinent number increases as the air content increases.
(¢) For incipient gaseous cavitation, the inception time (and
hence delay time) increases as the relative saturation is decreased

or as the inception pressure in increased.
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(d) The inception time decreases as the air content increasnes.
(e) The cxperimental observations agree fairly well with the

theoretical reeults for desinent cavitation indicating that the theary

(-0 based on Henry's Law (s a reasonable approximation of reality
(f) The comparison of the cstimated cavitation delay times
with experimental values for incipient gaecous cavitation suggests that

the proposed theoretical model is plausible

6.3 Recommendations

As a result of the discussion presented in Chapter V and from
the general observations made during this investigation, the following
suggestions are advanced for future study:

(a) In order to have a better understanding of the effects of
stream nuclei on the onset of cavitation, a device should be designed
for measuring the number and size of the bubbles present in the stream

(b) Reed's theory for incipient vaporous cavitation predicts
cavitation delay times which are considerably smaller than experimental
values. This may be due to the assumption that the diffusion length
is considerebly greater than the cavity dimension. This point should
be examined further.

(¢) It was difficult to explain the trends of the inception
data for the rubber nose. This may be due to a lack of knowledge of
the properties of this material. Therefore, some similar materials

' with known properties should be tested.
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(d) 1In all cases, it was assumed that the noses of hemispherical
models were true hemispheres. Since departures from the basic shape
may influence the inception time, the contours of the models should be
examined. In particular, the rubber model should be examined since it
did not appear to agree with the trends established by the other models.

(e) The apparent effect of surface nuclei observed for the zero
caliber ogive noses on the onset of cavitation is unexplained.
Therefore, similar models made of other materials should be tested in
order to better explain the cavitation characteristics of zero caliber
ogive noses.

(f) The theoretical calculation of the delay time for incipient
gaseous cavitation is very dependent upon the initiel and final size of
the cavity. This juestion must be examined further in order to deter-
mine a rational means for selecting the size of the cavity at the

beginning and end of its growth
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APPENDIX A

HELIUM-MERCURY DENSITY METHOD FOR POROSITY MEASURFMENTS

In Section 2.1-c, ve have defined porosity as the ratio of void
volume to the total volume of the materisl. In the present

investigation, only the accessible porosity was of concern as against

the total porosity. This means that, for our purpose, the void volume

in the volume of all the pores in the material except those which are
completely blocked off (these are the pores in the body of the material
vhich are not accessibl. to the exterior of the material from any side).

Therefore, the true and apparent densities of the materials were

measured by the helium displacement and the mercury displacement

methods. These were called the helium density and the mercury density

of the material and designated as Phe and pHg’ respectively.

Mercury densities were determined by a weighing technique using
a specific-gravity bottle and mercury as a displacement fluid. The
sample was weighed, the welght of the specific-gravity bottle determined
while full of mercury, and again determined with the sample immersed.
The weight and volume of displaced mercury was thus calculated. These
figures were then used to calculate the mercury density of the sample.

The actual apparatus used is known as & mercury porosimeter, details of

which are given on pages 8 to 18 of Reference (17).
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Helium densities were determined with a constant pressure helium

displacement apparatus. The principle of this apparatus is the same as

explained for the measurement of mercury density. The only difference

is in testing procedure and the apparatus used, further details of

which are given on pages 15 through 17 of Reference (9).
The pore volume of the sample can be calculated from the

reciprocals of the two densities,

9" 1 1
= = ’
pHg pHe
vhere
1 Total volume of the sample
3 ’
pHg Mass of the sample
and
I S (Total volume - Pore volume) of the sample
pHe Mass of the sample
Therefore,
P = 6
Prg ,
or
p . e " Pug
Phe

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

Equation (A.5) wes employed to calculate the values of porcsity given

in Table 2.
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APPENDIX B

GONIOMETER MEASUREMENTS FOR CONTACT ANCLE

The contact angle formed by a drop of ordinary tap water on
the surface was measured by a simple and convenient instrument called

the tclelcqpe-ggniometer (1). For this measurement, the telescope is

rotated until one of the cross hairs is parallel to the solid surface.
The second cross hair is then rotated with reference to the first cross
hair, so as to make it tangent to the air-water interface. The angle
between thie cross hairs, read directly on the scale of the instrument,
gives the required value of the contact angle.

For the measurements of contact angle in Table 2, test samples
were made in the form of small circular disks, with flat faces, for
four materials, stainless steel, rubber, polyethylene and teflon.
However, no measurements could be made for pyrex-glass as its sample
was not easily available. Also, all the measurements were made in the
atmosphere at room temperature after cleaning the surface wich methyl

carbinol ACS (in place of acetone).
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APPENDIX C

USE OF LUCITE CAP

During test Series A, it was required to run the tests with
nearly maximum number of surface nuclei. In order to insure such a
condition, it was essential to cover the nose during the deaeration
and tunnel-pressurization periods. For this purpose, therefore, the
lucite cap shown in Figure 5 was designed. The open end of this cap
had a radial grcove which housed an O-ring. The O-ring was designed
to fit around the flat portion of the sting mount, and thus prevent
water from entering the cap. To insure that no water actually leaked
into the cep, a small amount of red dye was introduced into the cap
before it was installed on the sting. Thus, if at any moment, any
water entered the cap, this condition would at once be indicated by

the red color of the water which had leaked into the cap.

60
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APPENDIX D

PRESSURE RESPONSE CURVES

During the inception runs, one of the difficulties encountered
wvas noting the exact value of the inception pressure, Rw . The reason
was that, in most cases, cavitation would appear before the tunnel
attained a steady state. The only values of the pressure which could
be easily noted were the lowest pressure reached which corresponded to
the steady state of the tunnel and the initial value of the set pressure.
Therefore, it was necessary to find an indirect method of calculating
the value of inception pressure. The best reference for this was
obviously the inception time. Thus a pressure response curve was
established for the tunnel-gauge system. The time taken by the pressure
to fall to 14 psia, 13 psia and so on, from a fixed set pressure of
15.3 psia, was recorded and checked with the help of a pressure
transducer. From this data, a curve of F; versus time was constructed
as shown in Figure 7. In this way, for any given ti’ the corresponding
value of P, from this plot, gave the rejuired value of P; 5

b

From Figure 7, a graph of minimum pressure (on the nose of the

hemispherical model) against time was constructed as shown in Figure 8.




a-
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This was easily obtained after the plot of Pw versus Pmin was drawn by

using the equation:

c 2 ® min
Pnin ~ > , (D.1)
1/2 p, v,
or
P = P - 1/2 v2 ¢ . (p.2)
min o0 pL © Pmin

It is to be noted in Equation (D.2) that velocity is not

constant. It is given, at any value of P_, by:

2

P, - P = 1/2 A (D.3)
Velocity is shown as ¢ function of l=’:° in Figure 10. Bmploying
Equation (D.3) in Equation (D.2) yields:

Foin = K (1 CPlnin) Py Comin ¢ (D.4)
or

Pllin - 1.69 Pn - 15%.3 chin . (D.%)

The value of anin for the corresponding Reynolds Number of
L
8.75 x 10 (based on model diameter) was 0.69.
Equation (D 2) wvas directly employed for calculating men for

varjous values of P corresponding o a steady state average velocity
R+

of 38.82 fps. This plot of Pmin versus P_ is given in Figure 1l.
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TABLE 1

NOTATIONS FOR TABLES 2 THROUCH 6

names of the test series

minimum pressure coefficient for the hemispherical-
nosed models

1/4" glass hemispherical-nosed model #1
porosity cc/ce
1/4" polyethylene hemispherical-nosed model #1

free stream static pressure in the test section
corresponding to *he inception of cavitation, psia

free stream static pressure in the test section for
the f#1 inception run and aversged for the corresponding
tests indicated in the first column, Table &4, psis

pressure at the minimum pressure point of the nose at
inception, psis

average value of the minimum pressure on the
hemispherical nose for the #1 inception run of the
corresponding tests in column 1, Table &4, psia

set pressure for inception runs, psia

average value of vapor pressure, averaged over all
tests, psia

1/4" rubber hemispherical-nosed model #1
1/4" rubber zero caliber ogive 1
1/4" stainless steel hemispherical-nosed model #1

1/4" teflon hemispherical-nosed model #1
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T01 l/h" teflon zero caliber ogive ol
T2 1/4" teflon hemisphericel-nosed model #2
t calibration time, seconds
cal
td delay time for the inception run, seconds
t1 inception time, seconds
ti-l average value of inception time for #1 inception runs
of corresponding tests in column one, Table 4, seconds
t s average of inception time for #2 inception runs of
- corresponding tests in column one, Table 4, seconds
t1-av average value of the inccption time for two to six
inception runs following the #1 inception run for
corresponding tests in column one, Table 4, seconds
{-pav inception time for inception runs carried out after
pa press.rizing the system normally at 85 psia for 10
minutes prior to esch of these runs and averaged for
the corresponding tests in column one, Table 4, seconds
v, free stream velocity in the test section, ft/sec
v average test section velocity for sll of the tests,
ft/sec
a total air content of vater, ppa
a' angle of attack, degrees
Mo helium density of the material, ga/cc
Pug mercury density of the material, gm/cc
Ed average velue of the desinent cevitation number
01-1 aversge value of the incipient cavitation number for

the corresponding tests in column one, Table 4, and
corresponding to the £1 inception runs

contact angle, degrees
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PMlgure L. Equilibrium Contact Angle




Flgure 5.

Test Model with Lucite Cap Mounted in the
Test Section
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Figure 6. Static Tank and Static Jacket
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Flgure 12. Cavitation on the 1/L” Glass Nose (Gl)
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Pigure 1i. Cavitation on the 1/L” Polyethylene Nose (Pl)
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Plgure 15. Cavitation on the 1/L" Teflon #1 Nose (T1)
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Plgure 16, Cavitation on the 1/L" Teflon #2 Nose (T2)
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Figure 17. Cavitation on the 1/4" Rubber Nose (Rl)
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